Neurons containing melanin-concentrating hormone (MCH) in the posterior lateral hypothalamus play an integral role in rapid eye movement sleep (REMs) regulation. As MCH neurons also contain a variety of other neuropeptides [e.g., cocaine-and amphetamine-regulated transcript (CART) and nesfatin-1] and neurotransmitters (e.g., glutamate), the specific neurotransmitter responsible for REMs regulation is not known. We hypothesized that glutamate, the primary fast-acting neurotransmitter in MCH neurons, is necessary for REMs regulation. To test this hypothesis, we deleted vesicular glutamate transporter (Vglut2; necessary for synaptic release of glutamate) specifically from MCH neurons by crossing MCH-Cre mice (expressing Cre recombinase in MCH neurons) with Vglut2 flox/flox mice (expressing LoxP-modified alleles of Vglut2), and studied the amounts, architecture and diurnal variation of sleep-wake states during baseline conditions. We then activated the MCH neurons lacking glutamate neurotransmission using chemogenetic methods and tested whether these MCH neurons still promoted REMs. Our results indicate that glutamate in MCH neurons contributes to normal diurnal variability of REMs by regulating the levels of REMs during the dark period, but MCH neurons can promote REMs even in the absence of glutamate.
Introduction
Neurons containing melanin-concentrating hormone (MCH), located in the posterior lateral hypothalamus (LH), play an integral role in sleep-wake regulation (Ferreira et al. 2017; Monti et al. 2013; Torterolo et al. 2011; Yamashita and Yamanaka 2017) . MCH neurons express cFos during periods of high rapid eye movement sleep (REMs) following selective REMs deprivation (Verret et al. 2003) . The firing rate of MCH neurons is maximal during REMs and minimal during wake, suggesting that the MCH neurons may belong to a 'REMs-on' type (Hassani et al. 2009 ). Consistent with these observations, optogenetic and chemogenetic activation of MCH neurons led to substantial increases in REMs without significantly altering other sleep-wake states in mice (Jego et al. 2013; Tsunematsu et al. 2014; Vetrivelan et al. 2016) . These evidences strongly suggest that MCH neurons may specifically promote REMs. In addition, loss of MCH neurons produced a significant increase in the diurnal variation of REMs without altering the daily total amounts (Vetrivelan et al. 2016) , suggesting that MCH neurons may be necessary for maintaining the diurnal pattern of REMs.
MCH neurons also contain a variety of other neuropeptides including cocaine-and amphetamine-regulated transcript (CART), nesfatin-1 and a few others (Bittencourt et al. 1992; Cvetkovic et al. 2004; Fujimoto et al. 2017; Hanriot et al. 2007; Jego et al. 2012) . In addition to these neuropeptides, almost all (> 98%) MCH neurons contain vesicular glutamate transporter 2 (Vglut2), which is necessary for packaging glutamate into synaptic vesicles (Chee et al. 2015a; Mickelsen et al. 2017; Schneeberger et al. 2018) . In Fumito Naganuma and Sathyajit S. Bandaru: Equal contribution.
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contrast, none of them express vesicular GABA transporter (Vgat) necessary for packaging GABA (Chee et al. 2015a; Mickelsen et al. 2017 ) although contrary evidences exist (Jego et al. 2013) . Consistent with this, in vitro activation of MCH neurons evokes the release of glutamate but not GABA in the lateral septum, which receives densest input from MCH neurons (Chee et al. 2015a ). Thus, MCH neurons may regulate REMs using glutamate or any of the forementioned neuropeptides. We hypothesized that glutamate, the fast-acting neurotransmitter in MCH neurons, might be necessary for REMs regulation. To test this hypothesis, we specifically deleted Vglut2 from MCH neurons and studied the changes in sleep-wake in mice under baseline conditions. We then activated those MCH neurons lacking glutamate neurotransmission and examined if MCH neurons can promote REMs in the absence of glutamate.
In addition to REMs, MCH neurons are also involved in the regulation of spontaneous locomotor activity (LMA) and body temperature (Tb). Loss of MCH neurons induced a robust increase in LMA without increasing the time spent in wake in mice indicating a hyperactivity phenotype (Vetrivelan et al. 2016; Whiddon and Palmiter 2013) . Moreover, a moderate hyperthermia (~ 0.5 °C), especially during the dark period, was observed after the loss of MCH neurons (Vetrivelan et al. 2016) . Therefore, we studied the changes in LMA and Tb after the deletion of Vglut2 from MCH neurons, as well as after the activation of MCH neurons lacking Vglut2, to assess the potential contribution of glutamate in the regulation of LMA and Tb.
Experimental methods

Generation of transgenic mice lacking Vglut2 in MCH neurons
We generated MCH-Vglut2KO mice by crossing MCHCre mice [expressing Cre recombinase (Cre) specifically in MCH neurons] with Vglut2 flox/flox mice (expressing LoxPmodified alleles of Vglut2). The F1 offspring heterozygous for Cre and flox-Vglut2 were crossed again with Vglut2 flox/ flox mice, and only the F2 offspring heterozygous for Cre and homozygous for flox-Vglut2 (MCH-Cre/+;Vglut2 flox/flox ; henceforth "MCH-Vglut2KO" mice) were used for the experiments. The Cre-mediated recombination event causes deletion of exon2 in the Vglut2 gene, leading to the loss of functional Vglut2 proteins and, thereby, the loss of glutamate release from MCH neurons in the MCH-Vglut2KO mice (Tong et al. 2007 ).
Both of original lines, MCH-Cre and Vglut2 flox/flox mice, have been extensively used in our laboratories. Eutopic expression of Cre in MCH-Cre mice was verified by crossing them with reporter mice (Kong et al. 2010) . Selective loss of Vglut2 mRNA and loss of glutamate release from neurons after the Cre-mediated recombination event in the Vglut2 flox/flox mice was verified in many previous studies (Krenzer et al. 2011; Tong et al. 2007; Vetrivelan et al. 2009 ) (Also see Fig. 1 ).
Animal care
Adult male MCH-Vglut2KO mice (lacking Vglut2 in MCH neurons) and MCH-Cre mice (controls with intact Vglut2 in MCH neurons) were used in this study. Mice were 10-14 weeks of age and weighed 23-29 g at the time of surgery. All mice were maintained under standard vivarium conditions (including 12:12 h light-dark cycle; lights on at 0700; 150 lx; ambient temperature 22 ± 1 °C) with ad libitum access to food and water. Care of the animals met National Institutes of Health standards, as set forth in the Guide for the Care and Use of Laboratory Animals, and all protocols were approved by the BIDMC Institutional Animal Care and Use Committee.
Surgery and recordings
Under anesthesia (100 mg/kg ketamine + 10 mg/kg xylazine; i.p.), MCH-Vglut2KO (n = 11) and MCH-Cre (n = 10; controls) mice were stereotaxically injected with AAV8-hSyn-DIO-hM3D(Gq)-mCherry (AAV-hM3Dq; University of North Carolina Vector Core, USA; 260 nl per injections) into the lateral hypothalamic MCH field (anteroposterior: − 1.7 mm from bregma, ventral: 4.8 mm from dura, lateral ± 0.4 and ± 1.1 mm) using a pressure-injection system described previously (Scammell et al. 1998) . All mice were then implanted with telemetry transmitters (TLM2-F20EET; Data Sciences International, New Brighton, MN) for recording electroencephalogram (EEG), electromyogram (EMG), Tb and LMA (Vetrivelan et al. 2009 (Vetrivelan et al. , 2016 . Four weeks after the surgery, the mice were transferred to recording chambers and habituated for 5 days. Baseline sleep-wake (EEG/ EMG), Tb and LMA were recorded (Dataquest ART 4.1 software; Data Sciences International) for 24 h, following which all mice received i.p. injections of saline (vehicle) or CNO (0.3 mg/kg body weight; MilliporeSigma, USA) at 10:00 AM (3 h after light-onset) and sleep-wake, Tb and LMA were recorded for 9-h post-injections. The order of saline and CNO injections was counterbalanced.
Histology
After completion of physiological data collection, all mice were injected with CNO (0.3 mg/kg; i.p.) at 10:00 AM and were perfused after 3 h with 10% formalin under deep anesthesia (chloral hydrate 700 mg/kg). Harvested brains were post-fixed in 10% formalin overnight and cryoprotected in 20% sucrose solution for 2 days. The brains were then cut on a freezing microtome into 3 series of 40 µm sections.
Two series of sections were processed for double-labeling of Vglut2 mRNA by in situ hybridization and MCH or mCherry (to label hM3Dq-expressing neurons) by immunochemistry. For this, brain sections were mounted on Superfrost Plus slides in RNAse-free conditions and RNAScope hybridization was first performed on those slides using RNAScope Multiplex Fluorescent Reagent Kit V2 (Catalog # 323100, Advanced Cell Diagnostics, Hayward, CA, USA) as described in the company-provided procedure. Briefly, the sections were pretreated with hydrogen peroxide for 20 min in room temperature and target retrieval was done by placing the slides in a streamer (Temperature > 99 °C) for 5 min. Then sections were dehydrated in 100% alcohol and air-dried for 5 min. Sections were then treated with protease reagent (Protease III, RNAScope) for 30 min at 40 °C. After rinsing in sterile water sections were incubated in an RNAScope probe for Vglut2-C2 (Mm-Slc17a6-C2, Catalog #319171-C2, Advanced Cell Diagnostics) for 2 h at 40 °C for hybridization. Sections were then subjected 3 amplification steps at 40 °C (AMP1-FL and AMP2-FL: 30 min each; AMP3-FL: 15 min) followed by incubation in HRP blocker for 15 min.
Sections were incubated in TSA plus Fluorescein fluorophore (Catalog # NEL741001, Perkin Elmer, Waltham, MA) for 30 min for visualization (Channel 2 at 488 nm) of Vglut2 mRNA. Following Vglut2 mRNA labeling, the sections were processed for immunolabelling. Sections were incubated in Rabbit anti-MCH (Gift from Dr. Eleftheria Maratos-Flier, BIDMC; 1:7500 dilution) or Rabbit anti-DsRed (for labeling mCherry, Clontech, USA; catalog # 632496; 1:5000 dilution) overnight at 4 °C, washed in PBS (2 × 2 min) and incubated in secondary antibody (Alexa fluro555 Donkey anti-Rabbit, Life Technologies, Catalog # A-31572) for 2 h at room temperature. After another round of washes, slides were dried and cover-slipped with Vectashield (Catalog # h-1400, Vector laboratories, Burlingame, CA, USA).
Third series of sections were double-labeled for cFos (neuronal activation) and mCherry (to label the hM3Dq-expressing neurons) by immunohistochemistry (Vetrivelan et al. 2016) . Briefly, the brain sections were washed in phosphate buffered saline (PBS; 3 × 5 min washes) and incubated overnight in primary antibody, 2.5% Triton-X, Sodium azide and 1% normal horse serum (NHS) in PBS. On the next day, sections were washed again in PBS (3 × 5 min washes) and were incubated in appropriate secondary antibody for 2 h. After another round of washes, sections were incubated in avidin-biotin complex (ABC) solution for 1 h and visualized using a 3,3-diaminobenzidine tetrahydrochloride (DAB; 0.06% solution) solution with (to label cFos in black) or without Ni-Co (to label mCherry in brown). All sections were then mounted, dehydrated and cover-slipped using Permamount. The following antibodies were used: rabbit anti-DsRed (1:10,000; catalog #632496, Clontech, Mountain View, CA; for labeling mCherry), rabbit anti-cFos (1:30,000; catalog #4188, Oncogene Sciences, Uniondale, NY) and biotin-SP-conjugated donkey rabbit IgG (1:1000; catalog #711-065-152, Jackson ImmunoResearch, West Grove, PA, USA). The specificity of MCH and DsRed antibodies was confirmed by the absence of staining in negative controls [in mice with MCH neuron deletion and in wild-type mice receiving AAV-hM3Dq, respectively (Vetrivelan et al. 2016) ].
Data analysis
Sleep-wake (EEG/EMG) recordings were manually scored in 12 s epochs as wake, NREMs or REMs using SleepSign software (Kissei Comtec, Nagano, Japan) (Lu et al. 2000) . For baseline data, percentages of individual sleep-wake stages (wake, NREMs and REMs) and the number and average duration of their bouts during the 12-h light and 12-h dark periods, independently, as well as, during the entire 24 h were calculated. In addition, percentages of sleep-wake stages in 1-h and 3-h bins were calculated. Total LMA and mean Tb were also calculated for similar time intervals. Diurnal variation index (DVI; referred to as circadian index in previous publications) for all these variables was then calculated using the formula [(Datadark period − Data light period) /Data 24h ] as described previously (Vetrivelan et al. 2016) . The term 'circadian index' was used in the previous studies (Chou et al. 2003; Vetrivelan et al. 2016 ) for similar quantification of diurnal variation of physiological parameters even though the animals were maintained on entrained conditions (light-dark cycle) during the recordings. Hence, the term 'diurnal variability index' used in the current study is more appropriate than 'circadian index' to quantify the amplitude of light-dark variation in sleep-wake or other variables.
For chemogenetic experiments, data from the first 9 h after i.p. saline/CNO injections were divided into three 3-h bins, and percentage of time spent, bout numbers and average duration of individual sleep-wake states in each bin were calculated. Additionally, total LMA and mean Tb in these 3-h bins were calculated. Finally, NREMs and REMs latencies were calculated as the time to that stage from saline/CNO injections.
Statistical analysis
Baseline sleep-wake, LMA and Tb data from MCHVglut2KO mice were compared to those from the MCHCre mice using an unpaired t test. In addition, post-saline and post-CNO data from control and MCH-Vglut2KO mice were compared using two-way ANOVA followed by Sidak's post hoc tests. All statistics were performed using GraphPad Prism version 7.0 (GraphPad Software, La Jolla, CA) and statistical significance was set at P < 0.05.
Results
Histology
We first surveyed the brain sections from MCH-Cre and MCH-Vglut2KO mice for the presence of Vglut2 mRNA in MCH neurons. In the MCH-Cre mice, 90.0 ± 2.8% of MCH-immunoreactive (MCH-ir) neurons were positive for Vglut2 mRNA confirming the presence of Vglut2 in most MCH neurons (Fig. 1a) reported by previous studies (Chee et al. 2015a; Schneeberger et al. 2018) . In contrast, virtually no MCH-ir neurons (1.6 ± 0.5%) in the MCHVglut2KO mice were positive for Vglut2 mRNA (Fig. 1b) . Vglut2 expression in the adjacent neurons remained unaffected in the MCH-Vglut2KO mice and numerous Vglut2-labeled neurons were found within the LH as well as in the surrounding regions (e.g., ventromedial hypothalamus). These observations demonstrate that the loss of Vglut2 mRNA in MCH-Vglut2KO mice was primarily restricted to MCH neurons and rule out any non-specific knockdown in other neurons.
Stereotaxic injections of AAV-hM3Dq into the LH of MCH-Cre as well as MCH-Vglut2KO mice (Fig. 2a ) resulted in expression of hM3Dq in MCH neurons (65.1 ± 6.9% and 61.3 ± 4.7% of MCH-ir neurons within LH were positive for mCherry in MCH-Cre and MCHVglut2KO mice, respectively). Moreover, 92.5 ± 1.8% and 91.9 ± 1.8% of mCherry-ir neurons were positive for MCH in MCH-Cre and MCH-Vglut2KO mice, respectively, indicating high specificity of the AAV-hM3Dq. The mCherry-ir neurons in the MCH-Vglut2KO mice were not labeled for Vglut2 mRNA, further confirming the absence of Vglut2 in the MCH neurons transfected with hM3Dq (Fig. 2b) . Importantly, i.p. administration of CNO, 3 h prior to perfusion, induced significant cFos expression in all mCherry-ir MCH neurons (Fig. 2c) . It is important to note that MCH neurons do not express cFos during baseline conditions, and therefore, robust cFos observed in all mCherry-ir neurons is a clear indication of MCH neuron activation after CNO.
Sleep-wake changes in MCH-Vglut2KO mice
We first examined whether specific elimination of glutamate neurotransmission from MCH neurons altered spontaneous sleep-wake amounts and architecture in MCH-Vglut2KO mice. We found that MCH-Vglut2KO mice exhibited alterations in the distribution of sleep-wake across light and dark periods although their total sleep and wake amounts remained unchanged. Percentages of wake, NREMs or REMs in the MCH-Vglut2KO mice during the entire 24-h day or specifically during light and dark periods were not significantly different from MCH-Cre mice with intact glutamate neurotransmission (Fig. 3A) . Additionally, bout number and average bout duration of individual sleep-wake states in MCH-Vglut2KO mice during these periods were comparable to MCH-Cre mice (Table 1) . However, diurnal variation ,  b′) , from a MCH-Vglut2KO mouse injected with AAVhM3Dq into the LH. AAV injections resulted in specific expression of hM3Dq in MCH neurons (> 90% of hM3Dq-mcherry expressing neurons were positive for MCH). These mCherry-ir neurons did not contain Vglut2 mRNA further indicating that hM3Dq was expressed in the MCH neurons lacking Vglut2. c, c′ Representative brain section from a MCH-Vglut2KO mouse labeled for cFos (black) and mCherry (brown) using DAB immunohistochemistry. This mouse was intraperitoneally injected with CNO (0.3 mg/kg) and killed after 3 h. CNO induced cFos in almost all the mCherry + neurons indicating their activation. Squares in a-c indicate the region magnified in the a′, b′ and c′ respectively. Scale bars 100 µm 1 3 of REMs, expressed as DVI, was significantly higher in MCH-Vglut2KO mice (142.0 ± 11.92% of MCH-Cre mice; Mann-Whitney U test; p = 0.018: Fig. 3b ). In addition, we observed that individual MCH-Vglut2KO mice displayed periods of unusually high or low REMs across the 24-h day. Many MCH-Vglut2KO mice displayed complete absence of REMs for 4-6 h during the dark period which was not commonly observed in MCH-Cre mice (Fig. 3c) , indicating deficits in nocturnal REMs control in these mice. We therefore analyzed the sleep-wake data from all mice in 1 and 3 h bins to identify these specific periods of REMs dysregulation. We found that the REMs amounts were significantly decreased 1 3 during the middle of the dark period (between ZT16-21, i.e., 4-9 h from lights-off) (ZT16-18: 1.64 ± 0.34 vs.3.18 ± 0.54 in MCH-Cre mice, ZT19-21: 3.41 ± 0.62 vs. 5.41 ± 0.60 in MCH-Cre, Mann-Whitney U test; P = 0.026 and 0.044, respectively: Fig. 3d ). On the other hand, the REMs was increased during the 1 h just prior to lights-on (ZT24) along with a corresponding increase in NREMs and a decrease in wake (REMs: 7.09 ± 1.37 vs. 3.31 ± 0.66 in MCH-Cre mice, P = 0.029; NREMs: 58.05 ± 5.49 vs. 37.75 ± 4.67 in MCHCre mice, P = 0.012; Wake: 34.86 ± 6.72 vs. 58.93 ± 4.95 in MCH-Cre mice, P = 0.0085; Holm-Sidak Multiple comparisons: Fig. 3e ). While the percentages of REMs in MCHVglut2KO mice were higher during the first 6 h of light period, they did not reach statistical significance (Fig. 3d) .
In contrast to REMs changes, MCH-Vglut2KO mice did not display any major alterations in LMA or Tb. Total LMA and mean Tb either during entire 24-h day or during the individual light-and dark-periods in MCH-Vglut2KO mice were comparable to MCH-Cre mice (Fig. 4) . Consistently, the DVI of LMA and Tb also remained unaltered in MCHVglut2-KO mice (LMA: 92.40 ± 0.037 and Tb: 87.71 ± 0.21; Mann-Whitney U test; P = 0.27 and 0.86, respectively).
Collectively, specific deletion of Vglut2 from MCH neurons led to deficits in diurnal variation of REMs by reducing REMs during the dark period but did not alter the daily amounts of REMs or other sleep-wake states.
Activation of MCH neurons lacking glutamatergic neurotransmission
We then tested whether REMs promotion by MCH neurons (Vetrivelan et al. 2016 ) depended upon glutamate release by activating the MCH neurons in MCH-Vglut2KO mice. Chemoactivation of MCH neurons in MCH-Cre as well as in MCH-Vglut2KO mice significantly increased REMs without altering NREMs or wake. When compared to saline, CNO (0.3 mg/kg; i.p.; 10:00 AM) increased REMs by 81% in MCH-Cre mice and 158% in MCH-Vglut2KO mice during the first 3 h after the injections (two-way ANOVA followed by Sidak's multiple comparisons test, P = 0.0020 and P < 0.0001 in MCH-Cre mice and MCH-Vglut2KO, respectively; Fig. 5 ). REMs during the 4-6 h period after CNO was comparable to saline in MCH-Cre mice, whereas, a significant (83%) increase was observed in MCH-Vglut2KO mice even during this period (two-way ANOVA followed by Sidak's multiple comparisons test, P = 0.037). However, REMs amounts after CNO in MCH-Vglut2KO mice were not significantly different from those after CNO in MCH-Cre mice (Fig. 5) . The increase in REMs in both sets of mice was due to an increase in the number of REMs bouts and a decrease in REMs latency (Table 2) . REM bout durations, on the other hand, were not altered after CNO in either set of mice (Table 2) . Finally, neither the total LMA nor the mean Tb was significantly altered after CNO injections in MCHCre as well as MCH-Vglut2KO mice (Table 3) .
Collectively, chemoactivation of MCH neurons lacking glutamate neurotransmission increased REMs similar to chemoactivation of intact MCH neurons.
Discussion
Using a combination of conditional knockout and chemogenetic activation approaches, we investigated the role of glutamate neurotransmission from MCH neurons in sleep-wake. We found that intact glutamate neurotransmission is crucial for nocturnal REMs control and thereby normal expression of diurnal variation in REMs in mice, but MCH neuron activation can increase REMs even in the absence of glutamate.
Technical considerations
Although the Cre-LoxP-based conditional knockout and chemogenetic activation methods have been extensively used in many previous studies, combining them was novel and was absolutely necessary to determine the precise physiological role of glutamate in MCH neurons. While selective elimination of glutamate from MCH neurons alone can reveal its functional importance, it is also necessary to activate MCH neurons missing glutamate because MCH neurons may be strongly activated only under specific conditions, but not under baseline conditions (Verret et al. 2003) . We were able to express the excitatory DREADD, hM3Dq, selectively in MCH neurons in MCH-Vglut2KO mice as Cre expression persists in the MCH-Vglut2KO mice. AAV injections produced expression of hM3Dq in MCH neurons and CNO i.p injections induced robust cFos expression in MCH-Vglut2KO mice (Fig. 1 ) similar to MCH-Cre mice. Thus, chemogenetic activation of MCH neurons in MCH-Vglut2KO mice is expected to be similar to their Fig. 3 Specific elimination of glutamate neurotransmission from MCH neurons alters diurnal variation of REM sleep. a Percentages of wake, non-rapid eye movement sleep (NREMs) and rapid eye movement sleep (REMs) in MCH Cre (n = 10; gray bars) and MCHVglut2KO mice (n = 12; black bars) during the entire 24-h or specifically during the light and dark periods. b Diurnal variability index, a measure of diurnal amplitude of wake, NREMs and REMs in MCHVglut2KO mice normalized to control data (100%) from MCH-Cre mice (horizontal line) Mann-Whitney U test; **P < 0.001. c Representative 24-h hypnograms from one MCH-Cre (controls, upper trace) and one MCH-Vglut2KO mouse (lower trace). MCH-Vglut2KO mice displayed significant REMs suppression during the dark period compared to MCH-Cre mice. d, e Percentages of wake, NREMs and REMs in 3-h bins (d) and 1-h bins (e) in MCH-Cre (gray lines or bars) and MCH-Vglut2KO mice (black lines or bars) *P < 0.05; **P < 0.01; multiple t test with Holm-Sidak method. In c-e, white horizontal bar indicates the light period (ZT0-12) and the black horizontal bar depicts the dark period (ZT12-0). All data are mean ± SEM ◂ activation in MCH-Cre mice except that glutamate would not be released in the former. Although we have not verified the loss of glutamate release, we confirmed the absence of Vglut2 mRNA in MCH neurons in MCH-Vglut2KO mice. However, previous studies from our lab and other labs confirmed that Cre-mediated elimination of Vglut2 mRNA led to loss of glutamate release in various neuronal populations in the hypothalamus and brainstem (Krenzer et al. 2011; Tong et al. 2007; Vetrivelan et al. 2009 ). Importantly, most MCH neurons express only Vglut2, but not other vesicular glutamate transporters viz. Vglut1 or Vglut3 (only a very small percentage of MCH neurons express Vglut3) (Mickelsen et al. 2017) , and therefore, loss of Vglut2 was expected to completely abolish glutamate release from these neurons.
Loss of glutamate in MCH neurons leads to deficits in nocturnal REMs control
Our present results in MCH-Vglut2KO mice demonstrate that the loss of glutamate neurotransmission does not alter daily amounts of sleep-wake states, but reduces REMs during the middle of dark period and increases the diurnal variability (DVI) of REMs. Similar changes in REMs were observed after the complete deletion of MCH neurons (Vetrivelan et al. 2016) . While MCH neuronal loss caused a significant reduction in REMs during the entire dark period, loss of glutamate decreased REMs for only for 4-6 h. Nevertheless, increase in DVI in MCH-Vglut2-KO mice was comparable to that observed after MCH neuron deletions. Thus, glutamate release from MCH neurons may primarily contribute to the diurnal variability of REMs by decreasing REMs during the dark period. In addition, an increase in wake and decrease in NREM sleep was also observed between ZT19-21, but a rebound increase in NREMs occurred by the end of dark period leading to unaltered total wake and NREM amounts during the overall dark period. These NREMs perturbations in MCH-Vglut2KO mice could be related to the dysregulation of nocturnal REMs because MCH neurons regulate REMs by increasing the depth and adjusting the dynamics of NREMs (Varin et al. 2018) . In contrast, MCH neurons have also been implicated in NREMs promotion (Benedetto et al. 2013; Konadhode et al. 2013; Monti et al. 2013; Torterolo et al. 2011) .
In addition to increasing DVI of REMs, MCH neuronal loss also produced a robust increase in LMA (ca. 120% Table 1 Sleep-wake architecture in MCH-Cre and MCH-Vglut2KO mice Number of bouts and average bout duration of individual sleep-wake states in MCH-Cre (n = 10) and MCH-Vglut2KO mice (n = 11). All data are mean ± SEM MCH-Cre (n = 10) MCH-Vglut2KO (n = 12) increase) and a moderate increase in Tb (0.5 °C) in mice, especially during the dark period (Vetrivelan et al. 2016 ), but these changes were not observed in the MCH-Vglut2KO mice. Thus, glutamatergic neurotransmission from MCH neurons may contribute to the nocturnal REMs control, but not to LMA and Tb regulation. On the other hand, hyperactivity was observed in mice that lack the MCH peptide or MCH-receptors (Chee et al. 2015b; Willie et al. 2008; Zhou et al. 2005) . Similarly, mice lacking MCH receptor (MCH-R1) exhibit higher Tb during baseline than wild-type littermates (Ahnaou et al. 2011 ) and chronic intracerebroventricular (i.c.v.) infusion of MCH induce hypothermia in mice (Glick et al. 2009 ). Thus, hyperactivity and hyperthermia observed after the loss of MCH neurons could be due to the loss of the MCH peptide but not glutamate.
Is glutamate necessary for the REMs increase following MCH neuron activation?
Although the loss of glutamate transmission from MCH neurons induced deficits in nocturnal REMs, chemoactivation of MCH neurons lacking Vglut2 was still able to increase REMs, indeed more strongly and for longer duration (6 h in MCH-Vglut2KO mice vs. 3 h in MCH-Cre mice). However, the absolute amounts of REMs after CNO in both sets of mice were comparable and thus significant increase in REMs during 4-6 h after CNO was probably contributed by lower REMs after saline in MCH-Vglut2KO mice. Lower REMs after saline injections could be due to altered stressreactivity in these mice (stress associated with handling and injections) although this needs to be systematically investigated. Nevertheless, REMs increase after chemoactivation of MCH neurons in MCH-Vglut2KO mice indicates that glutamate may be dispensable for REMs promotion by MCH neurons. In addition, previous studies have indicated that global loss of the MCH receptor 1 (only receptor in rodents) cannot prevent the REMs increase following MCH neuron activation (Jego et al. 2013) , thus questioning the importance of the MCH peptide in REMs regulation. It is surprising that removal of any one of the two major neuromodulators, which are present in almost all MCH neurons, had no effect on REMs amounts. Nevertheless, MCH neurons contain nesfatin-1, CART and other neuromodulators that could be responsible for the REMs increase. A subpopulation of MCH neurons containing CART expressed higher cFos during REMs rebound compared to the CART-negative MCH neurons suggesting a potential role for CART in REMs promotion (Hanriot et al. 2007; Kitka et al. 2011) . However, the CART-positive MCH neurons do not have descending projections to the brainstem REM regulatory structures (Brischoux et al. 2002; Cvetkovic et al. 2003a Cvetkovic et al. , 2004 . So, their activity may not be related to REMs generation but to cortical activation and theta activity during this state. Moreover, i.c.v. administration of CART increased wake rather than REMs (Keating et al. 2010 ) although this can't be taken against the role of CART in MCH neurons, as CARTpositive neurons are also present in other regions. Similarly, the role nesfatin-1 in MCH neurons is largely unclear as both nesfatin-1 and its antiserum produced significant REMs suppression (Jego et al. 2012; Vas et al. 2013) . In addition to these neuropeptides, MCH neurons are also thought to be GABAergic as the majority of MCH neurons express glutamate acid decarboxylase 1 (GAD 1, also known as GAD 67), an enzyme necessary for GABA synthesis (Sapin et al. 2010 ). Jego and colleagues reported that optogenetic stimulation of MCH terminals evoked inhibitory postsynaptic currents (IPSCs) in TMN neurons which could be blocked by bicuculline (Jego et al. 2013) . These IPSCs persisted even in mice lacking MCH-receptors, and inhibition of MCH terminals increased REMs bout durations (Jego et al. 2013 ). These evidences indicate that MCH neurons may extend REMs bouts by GABA-mediated inhibition of TMN neurons. In contrast, we recently found that MCH neurons may not contain Vgat necessary for packaging GABA Locomotor activity (LMA) and body temperature (T b ) of MCH-Cre (n = 10) and MCH-Vglut2KO mice (n = 8) in 3 h bins following intraperitoneal administration of saline or CNO in MCH-Cre mice or MCHVglut2KO mice injected with AAV-M3Dq into the lateral hypothalamus. All data are mean ± SEM MCH-Cre (n = 10) MCH-Vglut2KO (n = 8) into the vesicles for synaptic release (Chee et al. 2015a) . While vesicular monoamine transporters (VMAT 1 and 2) can mediate GABAergic neurotransmission, MCH neurons are also devoid of these transporters (Mickelsen et al. 2017) . Consistent with this, optogenetic stimulation of MCH neurons did not release GABA in the lateral septum, the brain region that receives the densest MCH projections (Chee et al. 2015a ). On the contrary, MCH neurons released glutamate but inhibited the lateral septal neurons by feed forward inhibition, i.e., by evoking GABA release from other inputs to the lateral septum (Chee et al. 2015a 
Limitations of the study
We did not investigate homeostatic control of REMs in MCH-Vglut2KO mice. Considering the high cFos expression in MCH neurons during REMs rebound (Verret et al. 2003) , it is possible that glutamate in these neurons may contribute to REMs homeostasis. However, increased REMs after chemoactivation of MCH neurons lacking glutamate in the current study suggest the contrary. Nevertheless, chemoactivation may not entirely mimic the activity pattern of MCH neurons during REMs rebound, and therefore, REMs homeostasis in MCH-Vglut2KO mice needs to be investigated in future studies.
Conclusions
Our current results indicate that glutamate in the MCH neurons may regulate nocturnal REMs and thereby contribute to the normal day-night variation in REMs, but it is not absolutely necessary for REMs induction by MCH neurons. Taken together with previous studies, these data suggest that REMs regulation by MCH neurons may not be solely dependent upon any single neurotransmitter or peptide, but each of them may contribute and play synergistic roles in this function.
